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Abstract: Two trinuclear Cu
II
 pyrazolato complexes with a Cu3(µ3-E)-core (E = O
2-
 or OH
-
) and 
terminal nitrite ligands in two coordination modes were characterized crystallographically, 
spectroscopically and electrochemically. One-electron oxidation of the µ3-O species produces a 
delocalized, mixed-valent, formally Cu
II
2Cu
III
-nitrite, but no nitrate. In contrast, under reducing 
conditions -- addition of PhSH as an electron and proton donor -- both complexes mediate the 
reduction of nitrite, releasing NO.  
Introduction 
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Nitrite is an important player of the biogeochemical nitrogen cycle, being reduced biologically to 
nitric oxide by Cu-, Fe-, or Mo-containing enzymes,
1
 and oxidized to nitrate by Mo-containing 
ones, while analogous processes are also involved in the abiotic N2 cycle.
2
 Copper-containing 
nitrite reductase enzymes (CuNIR) comprise type-I and –II copper centers, with electrons 
shuttled from the type-I site to the catalytic, nitrito-binding type-II site.
1,3
 Nitrite is toxic to 
humans, requiring removal from drinking water when present,
4 
but also functions as a nitric 
oxide store in the blood, releasing NO under cell hypoxic conditions with numerous 
physiological responses.
5
 The photolysis of nitrous acid to NO and OH-radicals is the main 
source of the latter in the atmosphere.
6
 Synthetic transition metal nitrite compounds, especially 
those of Fe and Cu, are of interest in relation to the mechanism of the activity of nitrite reductase 
enzymes.
7,8
 However, as a ligand, nitrite has not been studied in as much detail as its fully 
oxidized nitrate congener (a CCDC search on 26/4/2019 gave 2106 entries for Cu-ONO2, but 
only 141 for Cu-ONO and 34 for Cu-NO2  (Cambridge Structural Database version 5.0, update 
Feb. 2019)), possibly because of its instability – nitrite is often either oxidized to nitrate or 
reduced to NO, even under mild conditions. Neither has the function of a Cu
I/II
-NO2 center in 
CuNIR been fully understood; while multiple model studies have pointed to redox-induced 
release of N2O and NO from the Cu
I/II
 centers of CuNIR, the order of events (i.e., nitrite-
centered, or metal-centered reduction occurs first) has not been fully elucidated.
9
 Whereas 
several synthetic Fe
II
/Cu
I
 nitrito complexes have been shown to release NO, and many Cu
II
-
nitrito complexes have been reported, only a handful of synthetic Cu
II
 and Fe
II
 NO-releasing 
complexes are known, to date.
3,10–13
 To our knowledge, there is no example of a polynuclear 
complex with more than one nitrite ligand in the literature. In contrast, examples of mononuclear 
Cu
II
 complexes with two or three nitrito ligands in various coordination modes are known.
14,15
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In earlier work, we have shown that trinuclear copper(II) complexes of the formula [Cu3(µ3-
O)(µ-4-R-pz)3X3]
z
 – pz- = pyrazolato anion; R = H, CH(O), Cl, Br and ONO; X- = Cl-, NCS-, 
CH3COO
-
, CF3COO
-
 and pyridine; z = charge – can be oxidized to the corresponding z + 1, 
formally Cu
II
2Cu
III
, species.
16,17
 In one case, the mixed-valent R = H and X
-
 = PhCOO
-
 complex 
was crystallographically characterized.
18
 The E1/2-values for the aforementioned oxidation follow 
the expected trend for the various terminal X-ligands: the higher X is in the spectrochemical 
series,
19,20
 the easier the oxidation. Following-up on this observation, we show here that when X
-
 
= ONO
-
 the one-electron oxidation of the all-Cu
II
 complex [Cu3(µ3-O)(µ-pz)3(ONO)3]
2–
, 1, is 
achieved at even more cathodic redox potential, resulting in the in situ spectroscopically-
characterized [Cu3(µ3-O)(µ-pz)3(ONO)3]
–
, the easiest accessible Cu
II
2Cu
III
 species known to date. 
We also present a new pyrazolato complex, with 4-phenylpyrazolato bridging ligands, 
(PPN)[Cu3(µ3-OH)(µ-4-Ph-pz)3(ONO)3] (3). Compound 3 is redox-inert, becoming redox-active 
upon in situ deprotonation by addition of a base during electrochemistry experiments. Most 
importantly, we present here an initial report of the catalytic NO-release mediated by compounds 
1 and 3 upon stoichiometric addition of PhSH as an one-eletron donor. 
Experimental Section 
Materials and Methods 
All reagents were purchased from commercial sources and used as received. Solvents were 
purified using standard techniques.
21
 [PPN]2[Cu3(µ3-Cl)2(µ-pz)3Cl3] was prepared according to a 
literature procedure.
16
 Elemental analyses (C, H, N) were performed by Galbraith Laboratories, 
Inc., Knoxville, Tennessee. IR spectra were recorded on a Spectrum One Perkin-Elmer FT-IR 
Spectrophotometer (ATR mode) in the 4000-600 cm
-1
 region. Electrochemical measurements 
were performed under Ar atmosphere at ambient temperature in a BAS-Epsilon electrochemical 
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measurement system using a three-electrode system (glassy carbon working, Pt-wire auxiliary 
and Ag/AgNO3 reference electrodes), using 0.1 M TBAPF6/CH2Cl2 as the supporting electrolyte. 
Ferrocene was used as the internal standard. Potentials are reported vs. Fc
+
/Fc. 
Single crystal X-ray diffraction data were collected on a Bruker D8 QUEST CMOS system 
equipped with a TRIUMPH curved-crystal monochromator and a Mo-Kα fine-focus X-ray tube 
with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å) at ambient or low temperature 
using the APEX3 or APEX2 suite.
22
 Frames were integrated with the Bruker SAINT software 
package using a narrow-frame algorithm. Absorption effects were corrected using the multi-scan 
method (SADABS).
23
 Structures were solved by intrinsic phasing methods with ShelXT
24
 and 
refined with ShelXL using full-matrix least-squares minimization Using Olex2.
25
 All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms positions were calculated and 
fixed by HFIX with their thermal ellipsoids riding on those of their carbon atoms.  
EPR spectra of 1 were recorded on a Bruker ESP300 spectrometer using a Bruker 4102ST 
rectangular cavity operating in the TE102 mode. For variable-temperature experiments the cavity 
was fitted in an ESR900 dynamic continuous flow cryostat and the temperature was regulated 
with an Oxford ITC4 Intelligent Temperature Controller. EPR spectra of 3 were collected on a 
Bruker EMXplus spectrometer fitted with an EMX microX bridge and a Bruker ER4122SHQE 
cavity operating in the TE011 mode. For low temperature experiments, the cavity was fitted with 
an ESR900 dynamic continuous flow cryostat controlled with an Oxford ITC503S Intelligent 
Temperature Controller. EPR solutions were prepared in dry CH2Cl2 freshly distilled over CaH2 
and deoxygenated by freeze-thaw cycles and flame-sealed in the EPR tubes.  
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Synthesis of (PPN)2[Cu3(µ3-O)(µ-pz)3(ONO)3] (1) 
To a 4 mL CH2Cl2 solution of (PPN)2[Cu3(µ3-Cl)2(µ-pz)3Cl3] (100 mg, 0.058 mmol) was added a 
solution of NaNO2 (20.3 mg, 0.029 mmol) in 0.5 mL H2O and 2 mL MeOH. The reaction 
mixture was stirred for 24 h at ambient temperature. After filtration and treatment of the filtrate 
with 10 mL Et2O, purple crystals of 1 were formed by slow evaporation at ambient temperature; 
Yield, 62%. Anal. Calcd./Found for C81H69N11Cu3O7P4 (%) C, 59.44/59.77; H, 4.28/4.23; N, 
9.49/9.41. FTIR (cm
-1
): 1439 (m), 1377 (m), as(ONO); 1259 (s), s(ONO); 1114 (s), 1052 (m), 
997 (w), 872 (w), (ONO); 722 (s), 689 (s). 1H-NMR (CDCl3, ppm): 39.96 (3H, w1/2 = 88 Hz); 
37.21 (6H, w1/2 = 145 Hz). UV-vis (CH2Cl2, cm
-1
): 28111, 36152, 37087, 38704. UV-vis (THF, 
cm
-1
): 14537, 29389, 36328, 37373, 38407.  
Synthesis of (PPN)[Cu3(μ3-OH)(μ-4-Ph-pz)3Cl3]·CH2Cl2 (2)  
A mixture of CuCl2·2H2O (0.12 mmol, 20.5 mg), 4-Ph-pzH (0.12 mmol, 17.3 mg), NaOH (0.16 
mmol, 6.4 mg), PPNCl (0.02 mmol, 11.8 mg) was stirred in CH2Cl2 (15 mL) for 24 h. After 
filtration, the product was recrystallized by slow Et2O vapor diffusion into the CH2Cl2 solution. 
Yield, 72%. Anal. Calcd./Found for C64H54Cl5Cu3N7OP2: C, 56.39/56.34; H, 4.00/3.99; N, 
7.19/7.21.  
Synthesis of (PPN)2[Cu3(μ3-OH)(μ-4-Ph-pz)3(ONO)3]·(CH2Cl2)0.5 (3)  
To a 4 mL CH2Cl2 solution of 2 (0.071 mmol, 100 mg) was added a solution of NaNO2 (0.35 
mmol, 24.6 mg) in 2 mL MeOH, and the reaction mixture was mixed at room temperature 
overnight. The mixture was filtered and X-ray quality crystals of 3 were obtained by treating the 
filtrate with 4 mL hexane. Well-shaped crystals of 3 suitable for X-ray diffraction were obtained 
after three days. Yield, 80%. Anal. Calcd./Found for C127H108Cl2Cu6N20O14P4: C, 56.31/56.06; 
H, 3.95/4.02; N, 10.35/10.19. FTIR: 1436 (w), 1360 (w), as(ONO); 1215 (m),  s(ONO); 1114 
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(s), 1056 (m), 952(w), 848(w),  d (ONO); 758 (m), 722 (s), 684 (s). 1H-NMR (DMSO-d
6
, ppm): 
38.32 (6H, w1/2 =186 Hz), 15.89 Hz, 19.17 Hz, 17 Hz). UV-vis (CH2Cl2, cm
-1
): 26692, 38469; 
UV-vis (THF, cm
-1
): 27528, 38154. 
 
Qualitative detection of NO generated from 1 and 3 by addition of thiophenol:   
Method A: A solution of 1 in CH2Cl2 (15 mg, 0.092 mmol) or 3 (15 mg, 0.006 mmol) was 
prepared in a small vial. This vial was placed inside a larger one containing a solution of CoTPP 
(6.2 mg, 0.009 mmol)  in 2 mL CH2Cl2 and the larger vial was capped with a septum. A solution 
of PhSH (2.88 µL, 0.028 mmol; 1:3 stoichiometry), in 2 mL CH2Cl2 was carefully injected to the 
solution of 1 via a syringe. UV-vis spectrum of the CoTPP solution was recorded after 2 h and 
spectral changes were observed due to NO binding to CoTPP (Figures S3, S4). The experiment 
was repeated with varying equivalents of PhSH (1:1, 1:2, 1:3, 1:4, 1:5 and 1:6). A blank 
experiment was conducted with the larger vial containing CoTPP (6.2 mg, 0.009 mmol) in 2 mL 
CH2Cl2 and a smaller vial containing equimolar quantities of NaNO2 and PhSH. No shift in the 
UV-vis absorption spectrum of CoTPP was observed after 2 h (Figure S5).  
 
Quantitative measurement of NO generated from 1 and 3 by addition of thiophenol. 
Release of NO was quantitatively determined as NO amperograms using the inNO-T nitric oxide 
monitoring system (Innovative Instruments, Inc). An AmiNO-100 sensor was dipped into an 
open vial containing 5 x 10-5 M CH2Cl2 solutions of 1 or 3 under constant stirring. The released 
NO was measured in pA/nM response curves, which were converted to nM of NO by calibration 
with standard NaNO2/KI/H2SO4 solutions, according to the procedures described by the 
manufacturer. 
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Results 
Compound 1 was obtained from a metathetical reaction of the chloro-terminated complex
16
 
[Cu3(µ3-O)(µ-pz)3Cl3]
2–
 with excess  NaNO2 in CH2Cl2 and was recrystallized from 
CH2Cl2/Et2O at ambient temperature, resulting in purple X-ray quality crystals of 
(PPN)2[Cu3(µ3-O)(µ-pz)3(ONO)3], 1 (monoclinic, P21/c space group). It consists of a nine-
membered [Cu-N-N]3 metallacycle in which the Cu-atoms are held together by trans pyrazolato 
bridges, accommodating an almost planar Cu3(µ3-O) core (Figure 1). Complex 1 contains two 
1-O and one 2-O,O nitrite ligands, with a C2 axis going through the nitrogen of the 
2
-ONO 
ligand, Cu- and µ3-O-atoms. 
 
Figure 1. Ball-and-stick representation of 1. Color coding: Cyan, Cu; blue, N; red, O; black, C. 
H-atoms and PPN counter ions not shown for clarity. Selected interatomic distances (Å) and 
angles (º): CuCu: 3.248(5), 3.261(7); Cu–(µ3-O): 1.874(2), 1.880(1); Cu–N: 1.947(2) -
1.959(2); Cu-O(NO): 2.349(3), 2.015(2), 2.653(4); Cu–O–Cu: 119.85(5), 120.30(1). 
 
The Cu-O distances involving the 2-nitrite, 2.349(3) Å, are intermediate to those of the 
bonded (2.015(2) Å) and non-bonded (2.653(4) Å) Cu-O distances to the 1-O nitrite. The latter 
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are respectively shorter and longer than the 2.059(3) and 2.483(4) Å distances in a related three-
fold symmetric nitrate complex containing 1-ONO2 ligands.
26
 Within the 1-O nitrites, the Cu-
coordinated O-atom has its N-O bond elongated compared to that of the dangling O-atom in both 
1 and 3. However, the 2-O,O nitrite has the shortest (not activated) N-O bond lengths. This is 
consistent with the proposal that nitrite ions coordinate unsymmetrically to the Cu
2+
 centers at 
the catalytic site of CuNIR enzymes.
27–29
 The O-N-O angles for both 1-O  and 2-O,O nitrites, 
114.5º - 117.1º, fall within the range of CuNIR-model complexes (Scheme 1).15 The dihedral 
angle between the ONO and OCuO planes are 0.98(7)º and 0.0º for the 1-O and 2-O,O nitrites 
of 1, respectively, different than the 2º to 75º values reported for CuNIR.15 
 
 
Scheme 1. Interatomic distances (Å) for Cu3(3-O) and Cu3(3-OH) cores for 1 and 3. 
Compound 3 was prepared from its corresponding Cl-terminated compound, 2, using a similar 
method as described above for 1; adding an excess of NaNO2 in MeOH to a solution of 2 in 
CH2Cl2 produced 3 in a high yield and X-ray quality crystals were grown by slow diffusion of 
Et2O vapors into its CH2Cl2 solution. Whereas 2 crystallizes in monoclinic P21/n (Table S1, Fig. 
S2), compound 3 crystallizes in the triclinic   ̅  space group with a whole molecule in the 
asymmetric unit. Three nitrite ligands are κ1-O-coordinated to Cu-centers with Cu-OONO bonding 
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distances of 2.026(3), 2.141(4) and 2.062(4) Å and non-bonded Cu···O distances of 2.481(5), 
2.476(4) and 2.553(5) Å. Of the three nitrito ligands, one is syn to theµ3-OH group while the 
other two are anti. The µ3-OH groups from adjacent Cu3-units form strong H-bonds with the 
bound O of the nitrito ligand [O(H)
…O: 2.771(7) Å] (Figure 2). A similar H-bonded dimer-of-
trimers mediating magnetic interactions between the two Cu3 units was recently reported by us.
30
 
The Cu-(µ3-OH) distances of 3 are longer than the Cu-(µ3-O) of 1, as expected, but rather short 
compared to other Cu3-(µ3-OH) complexes reported in the literature by us and others.
16,31,32
 In 
the infrared spectrum of compound 1 (Figure S6), the asymmetric nitrite stretches, νas(N-O), are 
identified with strong bands at 1439 cm
–1 
and 1377 cm
–1
, whereas the symmetric νsym(N-O) is 
assigned to a band at 1259 cm
–1
, in agreement with those reported for other nitrito complexes in 
the literature.
15,33
 The corresponding bands for 3 appear at 1436 cm
–1
, 1360 cm
–1 
and 1114 cm
–1
 
(Figure S7). 
15
N-labeling studies by others of an 2-ONO CuII-complex have revealed that the 
IR-active O-N-O bending vibration of nitrite, (ONO), occurs at 877 cm–1.33 A similar weak 
band is observed at 872 cm
–1
 for 1 and 848 cm
–1 
for 3. The 1- and 2-ONO binding modes do 
not differ significantly in vibrational spectra, as has already been reported elsewhere.
33
 
                             
Figure 2. Molecular structure of 3 showing (left) the syn- and anti- conformations of ONO 
ligands; carbonic H-atoms, PPN counter ion and CH2Cl2 are hidden for clarity; (right) H-bonded 
 10 
(shown by dashed lines) dimeric structure of 3. Color coding: Cyan, Cu; blue, N; red, O; black, 
C; pink, H. Selected interatomic distances (Å) and angles (º): CuCu: 3.350(5)-3.404 (6); Cu–
(3-OH): 1.979(2)-1.993(2); Cu–N: 1.941(3)-1.930(3); Cu-O(NO): 2.026(3), 2.062(4), 2.141(4); 
Cu–O–Cu: 115.19(1), 118.28(2). 
 
To assess the stability of the complexes in solution, EPR spectra in frozen CH2Cl2 were 
recorded for 1 and 3 at 4.2 K (Figure 3). Both spectra exhibited similar characteristics typical of 
antiferromagnetically-coupled half-integer spin triangles experiencing antisymmetric exchange 
(or Dzyaloshinksii-Moriya) interactions, previously manifested in other complexes of this 
family.
30,34
 The spectra of 1(3) consist of an absorption-like peak at g = 2.14(2.18) and a 
derivative feature at g = 1.87(1.84), with a broad trough centered at g = 1.73(1.74). The 
absorption-like peaks are attributed to the g|| resonances and appear significantly broadened, due 
to unresolved, or partially resolved, hyperfine interactions. The derivative features are attributed 
to the g resonances and they owe their low g-values to antisymmetric exchange interactions that 
induce a high anisotropy to the ground ST = 1/2 state.
35,36
 The broad profile of these features has 
been explained by the combination of distributions of the magnetic exchange interactions (J-
strain) acting in tandem with the antisymmetric exchange interactions.
37,38
 The presence of these 
broad derivative features with g < 2 is compelling evidence that the EPR spectra correspond to 
exchange-coupled systems with ST = 1/2 ground states, and not paramagnetic S = 1/2 
mononuclear Cu
II
 complexes. 
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Figure 3. X-band EPR spectra of complexes 1 (black) and 3 (red) in frozen CH2Cl2 solutions 
(4.2 K). Experimental conditions for 1: f = 9.43 GHz, mod. ampl. = 2 Gpp, micr. power = 2 mW; 
for 3: f = 9.31 GHz, mod. ampl. = 5 Gpp, micr. power = 2.44 mW. 
 
Copper-based oxidation of 1 and 3. 
Compound 1 undergoes electrochemically a partially reversible one-electron oxidation at E1/2 = 
–0.133 V (vs. Fc+/Fc) yielding a mixed-valent compound, [Cu3
7+
] (vide infra), followed by an 
irreversible oxidation at ~0 V (Figure 4). In contrast, a reduction to a [Cu3
5+
] species is not 
accessible within the potential window (+1.50 V to -1.00 V, vs. Fc
+
/Fc) of this study. Compound 
3 is redox-inert, but becomes redox-active upon in situ addition of a base, which deprotonates the 
µ3-OH group, showing a reversible oxidation at +0.004 V. We have previously described the 
solution characterization of a series of [Cu3(µ3-O)(µ-4-R-pz)3X3]
z
 complexes and shown that 
substitution at the bridging pyrazole 4-position (R) and at the terminal ligand positions (X) 
influence the redox potential, revealing a trend that follows the order of electron 
withdrawing/releasing properties of the substituents.
17
 Compound 1 has the lowest oxidation 
potential (Table 1), an expected result given the position of the O-bound nitrite higher in the 
spectrochemical series. Chemical oxidation by a stoichiometric amount of benzoyl peroxide in 
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CH2Cl2 results in formation of the formally Cu
II
2Cu
III
-compound, {MV-Cu3}, accompanied by 
visible color change from greenish blue to reddish brown (Figure S8) with the appearance of new 
absorption band at 9191 cm
–1
 (9004 cm
-1
 for 3, Figure S9) in the near-IR part of the electronic 
spectrum (Figure 5). The latter is tentatively assigned to an intervalence charge transfer (IVCT) 
band, characteristic of mixed-valent species. Computational analysis of the related chloro-
terminated compound [Cu3(µ3-O)(µ-pz)3Cl3]
–
 has previously shown charge delocalization over 
metals and ligands in the HOMO with equal participation of all three Cu-centers.
18
 Murray et al. 
have recently argued that such [Cu3E]
3+
-mixed-valence systems should be called simply 
“covalent”.39 Analysis of this band by the Hush method results in a parameter = 0.63, 
classifying {MV-Cu3} as a Robin-Day type-III, strongly delocalized system.
40–42
 In ambient 
temperature solution, the IVCT bands collapse and the absorption spectra match those of 
compounds 1 and 3 (Figure S10); this is further confirmed by FT-IR spectra (Figure S11) and 
unit cell determination of the recrystallized reaction product. Free nitrite ions can be easily 
oxidized to nitrate by even mild oxidizing agents. However, here the coordinated nitrites of 1 and 
3 are shielded from the oxidants by the easier metal-based oxidation. 
Table 1. E1/2 values of the [Cu3
7+/Cu3
6+] couple of [Cu3(µ3-O)(µ-4-R-pz)3X3]
z vs. Fc+/Fc.  
 
R X E1/2 (V) Reference 
H ONO -0.133 This work 
H Cl -0.013 
18
 
Ph ONO +0.004 This work 
H CF3CO2 +0.131 
18
 
H NCS +0.253 (Epa)* 
17
 
H py +0.400 
17
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H CH3CO2 +0.476 (Epa)* 
17
 
Cl Cl +0.142 
17
 
Br Cl +0.142 
17
 
CHO Cl +0.280 
17
 
NO2 Cl +0.449 
17
 
* Irreversible oxidations, only Epa values. 
 
 
Figure 4. Cyclic voltammograms (solid lines) and differential pulse voltammograms (dashed 
lines) of compound 1 (black) and 3 (red) in CH2Cl2 with TBAPF6 as the supporting electrolyte.  
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Figure 5. UV-vis-NIR spectra of 1 (black) and {MV-Cu3} (red). Inset: IVCT band. 
 
             The +3 oxidation state of copper is not easily accessible and rarely encountered, in 
contrast to its more common +2 and +1 states. Cu
III
-complexes have so far been isolated mostly 
with F and CF3 ligands, or under the protection of sterically restricting coordination 
environments.
43–50
 Some mononuclear Cu(2-O2) complexes can be interpreted as Cu
III
-
peroxides or Cu
II
-superoxides.
51
 The involvement of Cu
III
 species in Cu
I
-catalyzed C-C bond 
formation reactions (known since the turn of the 20
th
 century)
52
 had been proposed, but only 
recently has it been demonstrated convincingly by studies employing rapid-injection NMR 
techniques.
53
 Various Cu
III
-mediated and –catalyzed reactions have been reported.54–56 Cross-
coupling reactions forming C-S, C-Se and C-P bonds, catalyzed by a Cu
III
/Cu
I
-cycle have been 
reported recently.
57
 A Cu
II
2Cu
III
-intermediate has been suggested as the catalytically-active 
species in the oxygenation of alkanes by oxygenases, such as particulate methane 
monooxygenase (pMMO).
58,59
 While the involvement of that oxidation state in enzymatic 
processes is disputed,
60
 synthetic Cu
II
2Cu
III
 enzyme mimics have been suggested to carry out 
demanding chemical reactions, such as O-insertion into C-C and C-H bonds,
58,61,62
 including CH4 
to CH3OH oxidation.
63
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Scheme 2. Overall reactions investigated in the article. Cu
II
3 is compound 1 or 3; pz* is 
pyrazolato (1) and 4-phenylpyrazolato (3); {Cu
II
3} is a transient species that has not been 
isolated; MV-Cu3 is [Cu3(µ3-O)(µ-pz*)3(ONO)3]
1-
. 
 
Ligand-based reduction of 1 and 3 
To examine the NO releasing capabilities of 1 and 3, PhSH was used as a proton and electron 
donor, while the NO gas released was trapped by tetraphenylporphyrinatocobalt(II) (CoTPP) in a 
closed two-vial system. The diagnostic shift of absorption maximum from 528 nm to 535 nm of 
the former indicated CoTPP(NO) formation (Figure S3 & S4). When the ratio of Cu
II
3 to PhSH is 
in the 1:1 to 1:3 range, NO release is triggered (Scheme 2 and Figures S3 and S4) leaving a green 
solution, presumed to be a solvent-stabilized Cu
II
 species, {Cu
II
3}, which was not isolated. 
Reaction with additional PhSH caused the solution to become colorless, indicating reduction to a 
Cu(I) species, {Cu
I
3}. Addition of hexane to this reaction mixture caused precipitation of a pale 
yellow solid containing PhSSPh as determined by FT-IR (Figure S12). Upon addition of nitrite 
in a vessel open to the atmosphere, the colorless {Cu
I
3} is readily cycled back to Cu
II
3, as 
confirmed by recrystallization and unit cell determination, with no NO production. However, 
when excess NaNO2 was present together with 1 or 3 in the reaction vessel, addition of PhSH in 
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excess of the 1:3 ratio did not cause metal reduction, consuming NaNO2 and producing NO 
instead, indicating that the system is catalytic. Spectroscopic monitoring of the reaction of 1 or 3 
with PhSH (Figure 6) shows the progressive formation of colorless {Cu
I
3} and regeneration of 3 
upon NaNO2 addition.  
 
Figure 6. UV-vis spectroscopic monitoring of reaction of 3 upon stepwise addition of PhSH and 
NaNO2/MeOH in CH2Cl2. 
Quantitative measurement of NO 
The above qualitative observations have been confirmed by quantitative amperometric 
determination of NO release. An amperometric NO sensor was placed in a 5 x 10
-5
 M solution of 
1 or 3 in CH2Cl2 and the response was recorded as PhSH was added. The NO yields measured 
with addition of a stoichiometric amount (three equivalents) of PhSH were 97% and 58% for 1 
and 3, respectively. In order to evaluate the catalytic activity, the NO sensor was immersed 
initially in a solution of compound 1 (or 3) in CH2Cl2 and twenty equivalents of ethanolic 
NaNO2. Stepwise addition of twenty three equivalents of PhSH to the solution of 1 caused NO 
release, as follows: Almost quantitative NO release (~97%) was observed up to the addition of 
the first thirteen PhSH equivalents, which decreased to ~72% beyond that point, reaching the 
saturation point of the amperometric sensor.  The corresponding measurements carried out with 3 
 17 
showed only 57% NO yield upon addition of a total of ten equivalents of PhSH, accompanied by 
formation of a precipitate. The decrease of NO production over the course of the experiments is 
attributed to the accumulation of NO (pushing the reaction equilibrium backwards) and 
hydroxide in solution. Therefore, the turnover numbers (TON) of >14 (for 1) and >6 (for 3) are 
the lower limit values imposed by the experimental conditions. 
 Biological nitrite reduction by CuNIR proceeds at the type-II site by electrons derived 
from the oxidation of Cu
I
 to Cu
II
 at the type-I site:  
 
Cu
+
 + NO2
-
 + 2H
+
  Cu2+ + NO + H2O 
 
In the present case, however, the source of electrons is the sacrificial PhSH. Further 
experiments are required to determine whether reduction of nitrite takes place directly, or it is 
preceded by a metal-centered reduction to Cu
I
-nitrite, followed by intramolecular redox 
rearrangement resulting in the observed products. 
The results of this preliminary study show that the trinuclear Cu
II
 species 1 and 3 mediate the 
following reaction: 
NO2
-
 + PhSH  NO + OH- + ½ PhSSPh 
In a closed system, this reaction will proceed until the buildup of hydroxide either decomposes 
the catalyst to Cu(OH)2, or leads to formation of [Cu(-OH)(-pz*)]n species.
64
 Blanks run 
without PhSH, or without 1 (or 3), or with just 1 (or 3) and no proton donor, did not produce NO 
(Figure S5). During the NO sensing experiments with the amiNO-T meter, no NO response was 
seen until PhSH was added.  
 18 
In summary, we have described two trinuclear copper pyrazolato complexes that activate 
terminal -O-nitrito ligands towards reduction, with release of NO, and stabilize them against 
oxidation to nitrates. The copper centers of complexes 1 and 3 differ from those encountered in 
CuNIR with regard to their coordination geometry: 1 and 3 contain Cu-atoms with square planar 
trans-N2O2 coordination, while the mononuclear CuNIR are in a tetrahedral N3O environment. 
The X-ray structural data for 1 and 3 indicate that the 1O, but not the 2O,O,  coordination 
mode of nitrite results in activation of an N-O bond.  Addition of oxidizing agents to 1 or 
deprotonated 3 causes initially a copper-based oxidation to unstable mixed-valent [Cu3]
7+
 
species. In contrast, PhSH, a reducing reagent capable of reducing both copper and nitrite, results 
in NO release. The NO releasing reaction is analogous to the well-known process of S-
nitrosothiols: 2RSNO  RSSR + 2NO. The catalytic release of NO by heterogeneous catalysts 
consisting of copper-based materials immobilized on solid supports have received attention 
recently, because of their potential therapeutic applications.
65–67
 To the best of our knowledge, 
compound 1 is the first homogeneous copper-catalyst and the first polynuclear-polynitrite NO 
releasing system reported to date; there is one example of an homogeneous iron-based catalyst.
12
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Synopsis 
A tricopper(II) NO-releasing homogeneous catalyst: Terminal 1-O and 2-O,O coordination of 
nitrites to a triangular Cu
II
3(3-O/OH)-pyrazolato scaffold shields them against oxidation and 
activates their homogeneous catalytic reduction with NO release. 
 
 
 
